Objective To explore the association of sleep duration and awakening frequency with cognitive outcomes in young children. Methods Mothers of 2,800 children from the Generation R cohort reported sleep duration and awakenings at children's age 24 months. At age 6 years, validated Dutch measures were used to assess children's nonverbal intelligence and language comprehension. Results We found a nonlinear association of total sleep time at 24 months with nonverbal intelligence (p ¼ 0.03) and language comprehension (p ¼ 0.04) at 6 years. Toddlers sleeping within the recommended 11-14 hr had more favorable cognitive development compared with both extremes. Frequent awakenings were negatively associated with nonverbal intelligence, but not with verbal comprehension. Conclusion Sleep duration in toddlerhood has an inverted-U-shaped relation with childhood cognitive measures. Frequent awakenings are associated with lower nonverbal intelligence. Given the marked decline in sleep duration and awakenings in toddlerhood, developmental changes of sleep patterns might be important for cognitive development.
Sufficient sleep has been defined as the amount necessary to permit optimal daytime performance, which primarily includes good behavioral and cognitive functions (Dahl, 1996) . About 20-30% of children aged 1-3 years experience sleep problems; frequent night awakenings and insufficient sleep duration are most commonly reported (Sadeh, Mindell, Luedtke, & Wiegand, 2009) . Pediatric sleep problems were shown to adversely influence children's health-related outcomes such as growth, body mass index, and blood pressure (Nixon et al., 2008) , and are closely related to behavior (Jansen et al., 2011) .
Interesting parallels between developmental patterns of sleep and cognition have been observed. A study in adolescents found relations between slow wave activity (SWA) of the sleep electroencephalogram and variety of indices of cortical maturation derived from magnetic resonance images (Buchmann et al., 2011) . For example, both the quantity of SWA during sleep and synaptic density of the frontal cortex, which is most vulnerable to sleep deprivation, follow an inverted-U-shaped time course across development (Buchmann et al., 2011; Shaw et al., 2006) . However, the empirical evidence relating childhood sleep duration with cognition is inconclusive. Children who sleep short were found to score both higher (Geiger, Achermann, & Jenni, 2010) and lower (Touchette et al., 2007) on intelligence quotient (IQ) tests than longer sleepers. Another study found no crosssectional association between sleep duration and cognition in 7-year-old children (Nixon et al., 2008) . These studies hypothesized linear associations. However, several large studies in elderly population have reported nonlinear associations of sleep duration with cognitive functioning (Auyeung et al., 2013) and memory impairment (Xu et al., 2011) . Given that the steep developmental decline in sleep duration is coincided by maturation of complex cognitive functions of the frontal cortex (Buchmann et al., 2011) , a curvilinear association between sleep duration and cognition in childhood seems plausible. Correspondingly, a population-based study in 1,724 adolescents aged 10-19 years reported both short and long sleep duration to be associated with lower academic performance scores (Eide & Showalter, 2012) . The neural density of the frontal lobe starts to decline around the age of 7 years (Buchmann et al., 2011; Shaw et al., 2006) , and thus, the potential impact of sleep on cortical maturation may be most obvious early in development (Touchette et al., 2007) . Nevertheless, previous research on sleep and cognition has primarily focused on school-aged children and adolescents (Eide & Showalter, 2012; Geiger et al., 2010; Nixon et al., 2008) .
In addition, lack of consolidated sleep (e.g., frequent awakenings)-a proxy for maturation of sleep patterns (Sadeh et al., 2009 )-has been related to deficits in neurobehavioral tasks, like reaction time, sustained attention, and working memory. The association appeared to be stronger in young children (Sadeh, 2007) . However, most of the current knowledge about the possible adverse effects of frequent awakenings is inferred from cross-sectional studies (O'Brien, 2009) , whereas prospective findings might unravel cumulative effects.
Against this background, we examined the prospective associations of toddlerhood sleep duration and consolidation with nonverbal intelligence and language comprehension in school-aged children from the general population. We hypothesized that the relation between sleep duration and cognitive outcomes would follow an inverted-U-shaped pattern, meaning that sleep duration more or less than recommendations appropriate for age would be adversely associated with cognitive development. We also investigated the number of nighttime awakenings as a determinant for cognitive outcomes at 6 years, expecting a negative association.
Methods

Design and Participants
The present research was conducted within the Generation R Study, a population-based cohort based in Rotterdam, the Netherlands (Jaddoe et al., 2012) . Briefly, all pregnant women living in Rotterdam with an expected delivery date between April 2002 and January 2006 were invited to participate. The Medical Ethics Committee of the Erasmus Medical Centre, Rotterdam, approved the study, and written informed consent was obtained from all participants.
Data on sleep duration and/or awakenings at 2 years was available for 5,362 children. We previously published significant differences in bed-sharing practices among the heterogeneous ethnic groups in the Generation R Study (Luijk et al., 2013) , which influenced sleep habits and hygiene in this sample (Supplementary Table 1 ). To reduce the chance of information bias in the maternal reports of sleep, we restricted our analyses to 3,461 (64%) Dutch children. If both parents were born in the Netherlands, the child was considered "Dutch." Data on cognitive development at 6 years was available for 2,800 (81%) children of which 2,662 children had nonverbal intelligence assessment and 2,461 children had language comprehension assessment.
Sleep Assessment
Sleep variables were assessed by postal questionnaire at children's age 24 months (interquartile range . Parents reported about their child's sleep habits in the previous week. Nighttime sleep duration was assessed with an open question of the number of hours the child slept. For daytime sleep (napping) categorical approximation of <0.5 hr, 0.5-1 hr, 1-2 hr, and >2 hr, from which estimates of 0, 1, 2, and 2.5, respectively, were used to compute total sleep time (TST). First, sleep was analyzed continuously. Next, based on the American National Sleep Foundation's (National Sleep Foundation, 2015) ageappropriate recommendations, we defined three categories of sleep duration, namely, optimal (11-14 hr/ 24 hr), short (<11 hr/24 hr), and long (>14 hr/24 hr).
Sleep consolidation was assessed with a categorical question of the average number of awakenings per night: Never, 1-2 times, 3-4 times, and >5 times. In the categorical analyses, the latter two categories were collapsed to "!3 times" (>5 times ¼ 1.5%).
Nonverbal Intelligence
When the children were 6 years old (SD ¼ 0.35), nonverbal intelligence was assessed using a validated Dutch nonverbal intelligence test: Snijders-Oomen Niet-verbale intelligentie test-Revisie (2 1 = 2 -7) (Tellegen, Winkel, Wijnberg-Williams, & Laros, 2005) . Owing to time constraints, two subsets were chosen: Mosaics, assessing spatial visualization abilities, and Categories, assessing abstract reasoning abilities. A scaled total score can be calculated for any combination of subtests with the same distribution characteristics as the IQ score. A correlation of r ¼ .86 was found between the score derived from the Mosaics and Categories subsets, and the IQ scores derived from the complete test (Tellegen et al., 2005) . Raw test scores were converted into nonverbal IQ scores using norms constructed as a continuous function of age, with a sample mean value of 105 and SD of 14.
Language Comprehension
During the same visit to the research center, children's language development at 6 years was assessed using an age-appropriate receptive subtest of a Dutch battery: Taaltest voor Kinderen (van Bon, 1982) . To reduce burden to the children, 27 difficult items were selected from the full battery consisting of 40 items (Ghassabian et al., 2014) . By choosing the correct alternative from two pictures that matches a given word, information about children's comprehension vocabulary skills was obtained. Correct answers were summed and divided by the number of items answered, yielding a correct percentage score (Ghassabian et al., 2014) .
Covariates
The following characteristics were considered as potential confounders in the association of childhood sleep and cognition (Dionne et al., 2011; Jansen et al., 2011; Luijk et al., 2013) .
Child Characteristics
Information on gender was obtained from midwives and hospital registries. Gestational age at birth was established using ultrasound examination during pregnancy. To assess history of breastfeeding, mothers were asked whether they breastfed their child (yes/no), by questionnaires at 2, 6, and 12 months after birth. For this study, we dichotomized the breastfeeding information from all questionnaires in "never breastfed" and "ever breastfed". To assess behavioural problems, we used the Child Behavior Checklist (1.5-5) questionnaire when children were 1.5 years old. This is a parent-reported questionnaire, with well-established psychometric properties, containing 99 items on problem behavior rated on a 3-point scale: 0 (not true), 1 (somewhat or sometimes true), and 2 (very true or often true) (Achenbach & Rescorla, 2000) . A total problems weighted sum score was used. Mothers reported on child's general health status at six years ("How would you describe the general state of your child's health? Excellent/Very good/Good/Fair/Bad"). Information on wheezing (no/yes) was obtained by questionnaires, which were adapted from the International Study on Asthma and Allergy in Childhood (Asher et al., 1995) at the ages of 1, 2, 3, 4, and 6 years. To assess persistence of wheezing over time, three wheezing patterns were created: early-only wheezing (wheezing at ages 1, 2, and/or 3 years), lateonly wheezing (wheezing at ages 4 and/or 6 years), and persistent wheezing (reported wheezing between 1 and 6 years) (Luijk et al., 2015) .
Baseline Cognitive Function
Parent report of Children's Ability was used to provide a valid estimate of children's nonverbal cognitive functioning at 2.5 years (Ghassabian et al., 2014) . It consists of two sections: a parent-administered part (22 items assessing three functions: matching-to-sample, block building, and imitation), and a parent-report part (26 questions on quantitative abilities, symbolic play, planning and organizing, adaptive behavior, and memory), which were combined in an overall sum score (Henrichs et al., 2010) . Early receptive language skills were assessed by maternal report when children were 1.5 years old with the Dutch version of MacArthur Short Form Vocabulary Checklist, appropriate for measuring receptive vocabulary of children aged 16-30 months. The instrument contains a list of 112 words of which mothers checked the words they think their child understands, and the number of positive responses was summed to a score (details in Ghassabian et al., 2014) .
Maternal, Socioeconomic, and Demographic Background Characteristics Parity (previous pregnancies: 0 vs. !1), maternal age, education, and marital status (married and cohabiting vs. single) were assessed by questionnaires at enrolment. Parental education was defined by the highest completed education using the categories established by Netherlands Statistics (2006), and classified as "high" (higher vocational training or higher academic education), "intermediate" (more than 3 years general secondary school), and "low" (lower vocational training or 3 years general secondary school). Maternal history of tobacco smoking was obtained by postal questionnaire in early, mid-, and late pregnancy. On the basis of all three questionnaires, we defined the following categories: "never smoked," "stopped smoking when pregnancy was known," and "continued smoking during pregnancy." The depression and anxiety subscales from the Dutch version of the Brief Symptom Inventory (De Beurs, 2004) were averaged to obtain an affective symptoms scale, as filled in by the mother 6 months postpartum. Monthly household income at enrolment was categorized into >2,000 Euros (more than modal income), 1,200-2,000 Euros, and <1,200 Euros (below social security level). Maternal cognitive ability was assessed during the visit to the research center at child's age 5-7 years, with a computerized version of the Ravens Advanced Progressive Matrices Test, set I (Prieler, 2003) .
Statistical Analyses
The sample for analysis consists of 2,800 Dutch children with sleep assessment (duration and/or awakenings) at 2 years and nonverbal intelligence and/or verbal comprehension at 6 years. In this sample, the missing values on all covariates were below 20%, except for maternal affective symptoms 6 months postpartum (26%) and childhood wheezing patterns (21%). To impute the missing values of the covariates, we used Markov Chain Monte Carlo multiple imputation technique to create 10 complete data sets (Sterne et al., 2009 ). All statistical analyses were run in the 10 imputed data sets, and results were pooled. For the nonresponse analysis (Supplementary Material), we tested group differences in the sleep determinants and covariates between the children with and without cognitive assessments at 6 years (19%).
We used linear regression models to investigate the association of sleep duration and consolidation (awakenings) with cognitive development on a continuous scale. Two main outcomes were explored: nonverbal intelligence score and language comprehension percentage score. The skewed language variable was transformed using natural log to approximate a normal distribution. Sleep duration and awakenings were analyzed as continuous and categorical determinants. To test nonlinear association, squared term of sleep duration (h 2 ) was included into the regression models. In the same manner, nighttime sleep and napping were tested as determinants of cognitive outcomes. We progressively adjusted the regression models to show the associations explained by the covariates (Supplementary Tables 2a, b and 3a, b ). The final model was adjusted for child's gender and age at outcome assessment, early childhood characteristics (gestational age, breastfeeding, problem behavior score at 1.5 years, baseline cognitive scores, longitudinal wheezing patterns and health status at 6 years), sociodemographic and maternal factors (household income, maternal age, education, IQ, parity, history of smoking during pregnancy, and affective symptoms 6 months postpartum). To test the dependence of the sleep measures we mutually adjusted sleep duration and number of awakenings in the final models.
Results
Characteristics of the children and their mothers are presented in Table I . The children slept on average 13 hr per day; nearly 86% slept within the recommended range of 11-14 hr. About 50% of the 2-yearold children awoke one or two times per night, and 5.7% awoke more than three times a night. Average nonverbal intelligence score was 105.2 (6SD ¼ 14.4); median verbal comprehension percentage score was 0.88 (IQR: 0.81-0.96). Table II shows the associations of sleep duration with nonverbal intelligence and language comprehension. We found no evidence of a linear association; rather a Note. Numbers are means 6 SD for continuous normally distributed variables or medians (interquartile range) for variables with skewed distributions.
Sleep Duration as a Determinant of Cognitive Outcomes
quadratic-U-shaped model adequately described the relation between sleep duration and cognitive outcomes (Table II , see Supplementary Figure 1a and b). The association of the quadratic term of TST and both cognitive outcomes attenuated, but remained significant when adjusted for the child, sociodemographic, and maternal characteristics (IQ points, B per h 2 ¼ À0.32; 95% CI: À0.60 to À0.04, p ¼ .03; language comprehension percentage score, B per h 2 ¼ À0.002; 95% CI: À0.004 to À0.0001; p ¼ .04). Children who slept longer at 2 years had 1.77 point (95% CI: À3.53 to À0.01, p < .05) lower IQ scores and 2% (95% CI: À0.03 to À0.01; p < .01) lower language comprehension scores at 6 years than those who slept within the recommended range of 11-14 hr. The group sleeping less than the recommended range did not reach statistically significant difference. Further analyses revealed a nonlinear association between nighttime sleep duration and both cognitive outcomes (see Supplementary Figure 2a and b), although estimates reached statistical significance only for nonverbal intelligence (IQ points, B per h 2 ¼ À0.46; 95% CI: À0.81 to À0.10, p ¼ .01). In contrast, napping was significantly related to language comprehension only; children sleeping more during the day had lower language comprehension scores (B ¼ À0.01; 95% CI: À0.02 to À0.01; p < .01, Supplementary  Figure 3) . Table III demonstrates the association between number of awakenings at 2 years and nonverbal intelligence and language comprehension at 6 years. Children who awake frequently (>3 times) during the night scored 1.9 IQ (95% CI: À4.23 to 0.42) points lower than those waking up 1-2 times a night and 2.4 IQ (95% CI: À4.71 to À0.03) points lower than those reported to sleep through the night (Supplementary  Figure 4) . Mutual adjustment of sleep duration and number of awakenings in a single model did not attenuate the associations with cognitive outcomes (Supplementary Table 4) .
Nighttime Awakening as a Determinant of Cognitive Outcomes
Discussion
This large population-based study explored the prospective associations of sleep duration and nighttime awakenings in toddlers with cognitive outcomes at 6 years. We found evidence for a nonlinear relation of sleep duration with nonverbal intelligence and verbal comprehension. The nonlinear association of sleep duration was driven by nighttime sleep for both cognitive outcomes, whereas daytime napping was negatively related only to language comprehension. Frequent awakenings (>3 times per night) were independently associated with lower nonverbal intelligence, but not with verbal comprehension. Note. Linear regression analysis of child sleep duration and cognitive outcomes. Betas are averaged from 10 imputed data sets. TST denotes total sleep time in 24 hr.
a Models are adjusted for child's age and gender at cognitive testing, family income, maternal age, education and IQ, marital status, parity, smoking during pregnancy, affective symptoms 6 months postpartum, breastfeeding, child's gestational age at birth, behavioral problem score at 1.5 years, longitudinal wheezing patterns, and child's general health status at 6 years, and baseline cognitive scores (nonverbal intelligence score at 2.5 [IQ model] or language comprehension score at 1.5 years [language model]).
Several previous studies found an association between sleep duration and cognition in early childhood. However, most of them reported linear associations (Geiger et al., 2010; Touchette et al., 2007) . For example, Touchette et al. (2007) reported that children with persistently short sleep duration from the age of 2 years scored lower on vocabulary test at 5 years. Additionally, short sleepers who "improved" sleep duration in the third year still scored lower on the nonverbal intelligence test at 6 years. They interpreted this as residual effect of insufficient sleep early in cognitive development. In the study of Touchette et al. (2007) , the long sleepers were the reference, hypothesizing a linear association between sleep duration and cognition, the more the better. In contrast, we tested a nonlinear association and took the children sleeping within the recommended range (11-14 hr per day [NSF]) as the reference group. Interestingly, Geiger et al. (2010) found a negative association between sleep duration and intelligence in a cross-sectional study of 7-11-year-old adolescents. The authors posited that results were consistent with an extension of the cognitive efficiency theory; "intelligence is not a function of how hard, rather how efficient the brain works" (Haier, Sigel, Tang, Abel, & Buchsbaum, 1992) . However, our analyses were controlled for preexisting cognitive differences, which reduce the possibility that preexisting cognitive development influenced sleep (e.g., children with higher cognitive ability being more efficient in recovering neuronal synapses during sleep). In line with several large studies in elderly population (Auyeung et al., 2013; Xu et al., 2011) and one study in older children (Eide & Showalter, 2012) , our data suggest that both short and long sleep duration in toddlers are risk factors for unfavorable cognitive outcomes at age 6 years. However, the short sleeping group in our sample may have been too small to detect statically significant differences. Consistent with previous evidence (Acebo et al., 2005) , we found that the proportion of sleep consolidated during the night resembles cognitive development; the nonlinear relation between sleep duration and cognitive outcomes was driven by nighttime sleep. In agreement with findings of two studies in a twin sample of similar age, daytime napping was inversely related to language development. These studies reported higher ratio of daytime versus nighttime sleep to be associated with language delays (Dionne et al., 2011) , and most the variance in consolidated nighttime sleep was shown to be genetically determined (Touchette et al., 2013) .
In line with previous research reviewed by O'Brien (2009), our results showed that frequent awakenings are associated with lower nonverbal intelligence scores. However, in the present study, frequent awakenings appeared to be unrelated to verbal comprehension, which might be because we only measured receptive vocabulary. Lack of sleep consolidation might have more pronounced adverse effects on expressive verbal skills.
A common underlying factor affecting both the developmental changes of sleep patterns and cognitive development could explain why toddlers who sleep longer score lower on cognitive tests at 6 years. A recent meta-analysis showed a developmental declining trend in sleep duration and number of awakenings, which is steeper at younger ages (Galland, Taylor, Elder, & Herbison, 2012) . Thus, children who sleep longer than expected and lack sleep consolidation at 2 years of age, might lag behind the usual developmental changes of sleep patterns (Acebo et al., 2005) . Correspondingly, toddlers who slept more during the day had lower language comprehension scores at 6 years. However, if a factor contributed to both, sleeping patterns and cognitive delay, then adjustment for previous cognitive development could attenuate the observed association. Given that measures of cognition in early childhood are only moderately predictive of later cognitive outcomes (Ghassabian et al., 2014) , our baseline cognitive measures might have been unsuccessful in fully capturing all underlying effects. Alternately, sleep efficiency might be underpinning the relation of sleep duration with cognition. Yet, mutual Note. Linear regression analysis of child nighttime awakenings and cognitive outcomes. Betas are averaged from 10 imputed datasets. a Models are adjusted for child's age and gender at cognitive testing, family income, maternal age, education and IQ, marital status, parity, smoking during pregnancy, affective symptoms 6 months postpartum, breastfeeding, child's gestational age at birth, behavioral problem score at 1.5 years, longitudinal wheezing patterns and child's general health status at 6 years, and baseline cognitive scores (nonverbal intelligence score at 2.5 [IQ model] or language comprehension score at 1.5 years [language model]). adjustment of sleep duration and consolidation did not attenuate the relation.
Lower cognitive performance following short or fragmented sleep in children has been previously reported (Beebe, 2011; Carskadon, 2011) . Support for this association also comes from nonrespiratory sleep disorders research, although the pathology behind remains a puzzle (reviewed in Blunden & Beebe, 2006) . In our study, we found no differences in cognitive performance between the short sleepers and the reference group, possibly owing to lack of power. However, in a semi-experimental study, Sadeh, Gruber, & Raviv (2003) showed that sleep restriction of only half an hour already affects daytime performance in children. Children of 1-3 years who awake during the night lose on average 1.5 hr of sleep (Touchette et al., 2013) .
The inverted-U-shaped association between sleep and cognitive outcomes might represent a measure of general well-being of the child, affecting both sleep and cognitive development (Nixon et al., 2008) . It was previously shown in children (Chaput et al., 2011; Spruyt, Molfese, & Gozal, 2011) and adults (Leng et al., 2015; van den Berg et al., 2008) that sleep duration at both extremes is associated with negative health-related outcomes. This means either sleeping less or more than the average affects children's cognitive development, possibly accounted for by impact on health or well-being. However, adjusting for mother reported health status did not explain the observed associations. Likewise, respiratory complaints might be a plausible explanation; however, childhood wheezing patterns also did not attenuate the association.
In terms of absolute difference in cognitive scores, effect estimates are modest. Children who awoke frequently or slept longer than current recommendations scored 2.4 points (15% of a SD) and 1.8 points lower (10% of a SD) on the IQ scale, respectively. Although a difference of this size might not be clinically relevant for a single child, on a population level, small effects often reflect large differences. Small changes on the natural log scale of language comprehension can be interpreted as percentage changes (Nau, 2014) ; thus, compared with the reference group, children who slept >14 hr per day scored on average 2% lower on the language test.
The main advantage of our study is the prospective design, which captures the long-term consequences of early childhood sleep disturbance on cognitive outcomes. Moreover, the study is population-based, and we were able to account for various confounding variables, including child cognitive development at baseline. Furthermore, we expect that by including the cognitive ability of the mother into our models, we corrected for a part of the heritability of cognitive traits. Another major strength of this study is the large sample of toddlers, an age-group for which paucity of sleep data has been pointed out (Galland et al., 2012) . Finally, age-appropriate and validated batteries were used to obtain information on child cognition.
Our study also has several limitations. Because cognitive development and sleep practices are greatly influenced by the cultural context in which they occur, we restricted our sample to children of Dutch national origin; thus, our findings cannot be generalized to other ethnic groups. The nonresponse analysis indicated that children with behavioral problems at 18 months are less likely to participate at follow-up. Non-respondent mothers were younger, less educated, and were more likely to have continued smoking during pregnancy compared with those included in the analyses. A methodological limitation is that the measures used and the longitudinal timeframe were not designed specifically for this study. Repeated measures of sleep are needed to thoroughly understand the longitudinal relation between sleep and cognition. Although maternal reports give a fairly clear picture of toddlers' habitual sleep (Carskadon, 2011) , this may have reduced the precision of our sleep estimates. Future studies should measure sleep objectively (e.g., actigraphy, a relatively cheap method suitable for large samples).
To conclude, sleep duration and nighttime awakenings in toddlerhood were associated with cognitive outcomes at age 6 after controlling for prior cognitive development, child, maternal, and demographic characteristics. Given the marked decline in sleep duration and awakenings in toddlerhood, developmental changes of sleep patterns might influence cognitive development. Rather than assuming that only short sleep has adverse effects on cognition, sleep duration at both extremes should be considered in future studies of cognitive development.
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